Schizophrenia and bipolar disorder have a largely unknown pathophysiology and etiology, but they are highly heritable. Although linkage and association studies have identified a series of chromosomal regions likely to contain susceptibility genes, progress in identifying causative genes has been largely disappointing. However, rapid technological advances are beginning to lead to new insights. Systematic genome-wide association and follow-up studies have reported genome-wide significant association findings of common variants for schizophrenia and bipolar disorder. The risk conferred by individual variants is small, and some variants confer a risk for both disorders. In addition, recent studies have identified rare, large structural variants (copy number variants) that confer a greater risk for schizophrenia. This review summarizes recent developments in genetic research into schizophrenia and bipolar disorder, and discusses possible future directions in this field.
methods of systematically searching the genome. A disadvantage of these two methods is their low level of resolution. Linkage studies have identified a series of chromosomal regions that are likely to contain susceptibility genes, and highly promising association findings have been obtained for several genes in these regions (eg, neuregulin 1 [NRG1], G72/G30 locus, dystrobrevin-binding protein 1 [DTNBP1]). [12] [13] [14] However, it has not yet been possible to identify any genetic variant that confers a direct functional effect and which is consistently associated with disease across populations. Cytogenetic studies have also generated some highly promising candidate genes such as the disrupted-in-schizophrenia-1 gene (DISC1). 15 Subsequent studies have reported highly interesting findings regarding the function of these genes and their associated pathways. 16 Recently, however, important advances have been made as a result of rapid developments in technologies that are able to decipher the variability of the human genome at high resolution, and which allow systematic investigation of the impact of such variability in large samples. This article summarizes these developments in genetic research into schizophrenia and bipolar disorder, and discusses possible future directions in this field.
Genome-wide association studies
The introduction of the genome-wide association study (GWAS) is the result of enormous technological advances. GWASs involve the use of arrays that simultaneously genotype several hundred thousand single nucleotide polymorphisms (SNPs) per individual. This enables a hypothesis-free search of every gene and most intergenic regions of the genome in samples of unrelated patients and controls. In this respect GWASs resemble genome-wide linkage studies (genome scans), but they have several major advantages: (i) they are not dependent on the recruitment of families; (ii) they have better resolution since (in contrast to linkage) they detect linkage disequilibrium with susceptibility variants, which usually extends over smaller genomic regions (in the range of a few ten thousand base pairs); and (iii) they have greater power to detect small genetic effects. In contrast to linkage studies, however, they are restricted to the investigation of common variants, since SNPs with low minor allele frequencies are poorly represented on currently available arrays. A serious difficulty in evaluating the results of GWASs is the issue of multiple testing. A large number of SNPs may be tested within the same study for their association with a disease, and this generates many nominally significant findings that are actually false positives. It is therefore necessary to correct for multiple testing to achieve the level of genomewide significance. This level is dependent upon the number of SNPs analyzed, and the threshold for currently available GWA chips is approximately 5 x 10 -8 (660 000 to 1 000 000 SNPs). [17] [18] [19] This correction method is very conservative since the association findings of each SNP are considered to be independent, and the haplotype structure of the genome is not taken into account. Conservative correction for multiple testing reduces the risk of false-positive findings, but hampers the detection of true association signals that represent small effects on disease risk. Following the publication of the first GWAS in agerelated macular degeneration, 20 successful GWASs have been conducted for a variety of common, complex diseases including type 2 diabetes, myocardial infarction, breast cancer, and Crohn's disease (for details of all published studies see http://www.genome.gov/gwastudies/).
Schizophrenia
The first GWASs for schizophrenia have recently been published. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Three of these studies used pooled DNA samples. 21, 26, 27 The best supported variants in these three studies failed to achieve genome-wide significance 21, 26, 27 ( Table I) . This is a cost-effective method of performing GWASs and has proved to be effective in identifying disease genes (eg, refs 31,32). However, due to errors in DNA quantification, this method is less sensitive than individual genotyping and has less power. Furthermore, the evaluation of data is limited to the study of (estimated) allele frequencies at the level of individual SNPs. This method does not detect the effect of haplotypes, interactions between SNPs, or the effects of genotypes that do not show differences in allele frequencies. The first individual-genotyping-based GWAS of schizophrenia involved a very small sample of 178 cases and 144 controls. 29 The best hit was for a variant near the colonystimulating factor-2 receptor alpha (CSF2RA) gene, but this did not achieve genome-wide significance. 29 The second GWAS of this type included 738 patients and 733 controls. Although a few signals coincided with genomic regions that had been implicated in previous linkage studies of schizophrenia, this study found no genome-C l i n i c a l r e s e a r c h (TCF4) Table I . Published genome-wide association studies (GWASs) for schizophrenia. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 32 The number of variants investigated, the best associated single-nucleotide polymorphism(s)-SNP(s)-found and the gene(s) containing the SNP(s), the corresponding P value(s), and the number of cases and controls in the discovery and the replication/meta-analysis sample are all given. Genome-wide significant findings are highlighted in bold. EA, European Ancestry Individuals; AA, African-American Individuals; ND, no data available; NR, no replication wide significant association. 30 O'Donovan et al initially performed a GWAS using a moderately sized patient sample (n=479). They then performed a follow-up study of 12 markers with a P value ≤10 -5 in a much larger sample to enhance the statistical power. 25 Strong evidence for replication was obtained for 3 of these 12 markers (P ≤5 x 10 -4 ), although the best supported variant still failed to achieve genome-wide significance (Table I ). The highest-ranking SNP identified in this study is located in an intron of the zinc finger protein 804A gene (ZNF804A), a putative transcription factor which had never been implicated previously in the risk for schizophrenia. The case sample was then extended to include bipolar patients. The P value for the total sample surpassed the level of genome-wide significance (P=9 x 10 -9
). The association between ZNF804A and schizophrenia has recently been replicated by the International Schizophrenia Consortium, 24 and ZNF804A is therefore a promising susceptibility gene for schizophrenia. A recent imaging genetics study of ZNF804A risk genotypes has provided evidence in support of these genetic findings. This study demonstrated that healthy carriers of ZNF804A risk genotypes display pronounced genedosage-dependent alterations in functional coupling between the hippocampus and the dorsolateral prefrontal cortex (DLPFC) across the two hemispheres, which mirrors findings in patients. 33 Three recent multicenter studies have provided important insights. The initial findings of these three studies failed to surpass the level of genome-wide significance. However, a meta-analysis was then performed using the best hits from the European data of these studies and data from a replication study by Stefansson et al. 22 This revealed a cluster of genome-wide significant SNPs in the major histocompatibility (MHC) region of chromosome 6p22.1 that were in substantial linkage disequilibrium. [22] [23] [24] These results provide evidence that the immunological system may play a role in the pathogenesis of schizophrenia. Furthermore, a variant upstream of neurogranin (NRGN; P=2.4 x 10 -9
) and a SNP in transcription factor 4 (TCF4; P= 4.1 x 10 -9 ) achieved genomewide significance in Stefansson et al's study. 22 These studies demonstrate that GWASs of large samples can overcome limitations in power and detect common risk variants for complex psychiatric disorders. In the study by the International Schizophrenia Consortium, it was demonstrated that possible risk variants may have been among the nominally significant SNPs that failed to reach genome-wide significance. Nominally significant SNPs were grouped into a "set of score alleles" and analyzed in an independent case-control sample, and it was shown that they distinguished cases from controls. 24 This study also demonstrated that this set of genes distinguished bipolar cases from controls, thus providing further evidence for a genetic overlap between schizophrenia and bipolar disorder. Although these SNPs explained only approximately 3% of the variance in schizophrenia risk, this may be regarded as a step towards molecular genetic evidence for the polygenic inheritance of schizophrenia.
Bipolar disorder
Six GWASs have been published to date for bipolar disorder [34] [35] [36] [37] [38] [39] (Table II) including the landmark study by the Wellcome Trust Case Control Consortium (WTCCC) which investigated seven common disorders. 36 These studies were all based upon individual genotyping, with the exception of the study by Baum et al 39 which involved DNA pooling. Although there has been some inconsistency across studies in terms of their most associated genomic regions, [35] [36] [37] [38] [39] 41 in samples from Germany and the United States (US); this study also found evidence for allelic heterogeneity at the ANK3 locus. Although GWASs of bipolar disorder have identified a number of potentially relevant genetic variants, the widely acknowledged formal threshold for genome-wide significance of P=5 x 10 -8 has only been surpassed so far for variation in ANK3.
C l i n i c a l r e s e a r c h
Future studies involving larger samples, the pooling of datasets, and higher statistical power are expected to identify additional specific risk factors for bipolar disorder and schizophrenia.
Copy number variations
Small chromosomal aberrations (microdeletions and microduplications, collectively known as copy number variations, CNV) may confer a risk for schizophrenia, as illustrated by the 22q11.2 deletion syndrome (22q11.2DS). This is a common microdeletion syndrome with congenital and late-onset features. Patients have a high risk for neuropsychiatric diseases including psychotic disorders and major depression. [42] [43] [44] It has not been possible to correlate the extent of the deletion with the occurrence of schizophrenia in these patients, and there is experimental evidence that increased susceptibility may require the altered expression of several genes within the 22q11.2 region. 45, 46 This may explain why no replicable results have [34] [35] [36] [37] [38] [39] The number of variants investigated, the best associated singlenucleotide polymorphism(s)-SNP(s)-found and the gene(s) containing that SNP(s), the corresponding P value(s), and the number of cases and controls in the discovery and the replication/meta-analysis sample are all given. Genome-wide significant findings are highlighted in bold. EA, European Ancestry Individuals; AA, African-American Individuals; ND, no data available; NR, no replication been obtained from attempts to implicate individual genes within the deletion region as susceptibility genes for schizophrenia. 47 
Schizophrenia
The application of new technologies such as comparative genomic hybridization (CGH) and SNP arrays in GWASs has enabled the identification of small chromosomal aberrations on a genome-wide scale. Initial studies reported an increased rate of aberrations in schizophrenia 48, 49 and subsequent studies have implicated specific chromosomal regions.
28,50-54 Implicated aberrations include microdeletions in chromosomal regions 1q21.1, 2p16.3, 15q11.2, and 15q13.3, as well as microduplications in chromosomal regions 15q13.1 and 16p11.2. Although all of these variants are observed more frequently in patients than in controls (with odds ratios of >10 for some variants), the frequency of each individual variant in schizophrenia patients is low (<1%). Further studies are required to determine the penetrance and mutation rate of these aberrations, as well as their phenotypic spectrum. Research has shown that some variants also occur more frequently in patients with other central nervous system phenotypes such as autism, mental disability, and epilepsy. [55] [56] [57] [58] The mechanisms that underlie the phenotypic outcome however, remain unknown. The fact that de novo mutations are found in a proportion of patients with CNVs supports the hypothesis that the negative effect on reproductive fitness observed in schizophrenia patients may be at least partly offset by the occurrence of new mutations.
Bipolar disorder
There have been few CNV studies of bipolar disorder. [59] [60] [61] Lachman et al investigated a mixed cohort of Caucasian patients (n=227) and controls (n=276) from the Czech Republic and the United States, and found that CNVs involving the gene glycogen synthase kinase 3 beta (GSK3beta) were significantly increased in patients compared with controls. 59 Using a European American sample of 1001 BD patients and 1034 controls, Zhang et al investigated singleton microdeletions (ie, those occurring only once in the total dataset of patients and controls) of more than 100 kb and found that they were overrepresented in patients. 60 The effect was strongest in a subgroup of patients with an early onset of mania (<18 years of age). A recent study of a three-generation Older Amish pedigree with segregating affective disorder 61 identified a set of 4 CNVs on chromosomes 6q27, 9q21, 12p13, and 15q11 that were enriched in affected family members and which altered the expression of neuronal genes. No CNV with a genetic effect comparable to those identified for neuropsychiatric disorders such as schizophrenia or autism has yet been identified for bipolar disorder. In view of the limited number of studies performed, it is not possible to evaluate the influence of CNVs on disease development.
Outlook
The first GWASs of schizophrenia and bipolar disorder have recently been published, and many more are in progress. Large international collaborations have been initiated to combine GWAS data sets in order to increase statistical power, the largest being the Psychiatric GWAS Consortium, which is expected to publish its first results in 2010 (The Psychiatric GWAS Consortium Steering Committee 2009). Currently available research findings suggest that the variants identified through GWASs confer only small individual risks. The major limitation of GWASs is that they are only able to investigate common variants. If a large fraction of the genetic contribution is conferred by rare variants, other approaches will be necessary to identify them. A successful first step in this direction has been the identification of associations between rare CNVs and psychiatric diseases, in particular schizophrenia. However, due to methodological constraints, this approach remains restricted to the investigation of aberrations of at least several thousand base pairs. Continuing technological developments will provide future studies with increasing resolution, and the availability of low-cost whole genome sequencing technology will ultimately make it possible to obtain the complete genomic sequences of large patient samples for comparison with controls. In principle, this will allow the systematic identification of rare variants that are associated with disease risk, although the existence of a myriad of rare variants in the human genome will render this a complex task. It is hoped that some rare variants confer a larger disease risk, as this will facilitate the detection of association in large case-control samples. Rare variants with small disease risk may be extremely difficult to detect, since prohibitively large sample sizes may be required to demonstrate any significant association.
C l i n i c a l r e s e a r c h
It is likely, however, that even after the identification of all common and rare risk variants a substantial fraction of the familial clustering will remain unexplained. This "missing heritability" in complex diseases is the subject of intense debate and several potential explanations have been proposed, including epistasis and epigenetic mechanisms. [62] [63] [64] It will be necessary to apply specific research strategies to further investigate this issue, although these may require prohibitively large sample sizes or tissue samples that are difficult to access in human subjects. It is not yet clear whether any of the association findings identified by GWASs represent causal variants. Systematic resequencing of the associated genomic regions will provide a comprehensive overview of such variants. In cases where association findings are due to linkage disequilibrium, it is possible that the causal variants have a stronger genetic effect than has been previously suspected. It is also theoretically possible that a given association finding is not attributable to a common causal variant. A simulation study has shown that the "synthetic" effect of multiple rare variants may be responsible for signals detected for common variants. It has also been shown that the location of these variants may be relatively far (up to 2 megabases) from the site identified in GWASs. 65 If this were the case for an associated locus, resequencing over large genomic distances in large samples would be required to identify the true causative variants. Ultimately, it is necessary to identify a direct functional effect for each potential causal variant, such as an effect on the function or expression of a gene. GWASs performed to date have indicated that certain genes contribute to a susceptibility to both schizophrenia and bipolar disorder. It is clear that some of these genes convey a rather nonspecific susceptibility that overlaps diagnostic boundaries, and it is highly probable that this also overlaps with other psychiatric disorders.
Other genes, however, convey specific effects. Future studies of the phenotypic dimensions that are most strongly associated with a specific gene will include analysis of clinical symptoms and endophenotypes. The latter may be particularly suited to guiding researchers in the selection of the most promising phenotypes for animal studies. 66 The identification of disease-associated genes is likely to increase our knowledge of the underlying pathophysiology of psychiatric disorders in an as-yet unforeseen manner. The identification of biological pathways has the potential to revolutionize diagnostics and treatment. ❏ 
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